ABSTRACT: Harvesting thermoelectric energy mainly relies on the Seebeck effect that utilizes a temperature difference between two ends of the device for driving the diffusion of charge carriers. However, in an environment that the temperature is spatially uniform without a gradient, the pyroelectric effect has to be the choice, which is based on the spontaneous polarization in certain anisotropic solids due to a time-dependent temperature variation. Using this effect, we experimentally demonstrate the first application of pyroelectric ZnO nanowire arrays for converting heat energy into electricity. The coupling of the pyroelectric and semiconducting properties in ZnO creates a polarization electric field and charge separation along the ZnO nanowire as a result of the time-dependent change in temperature. The fabricated nanogenerator has a good stability, and the characteristic coefficient of heat flow conversion into electricity is estimated to be ∼0.05−0.08 Vm 2 /W. Our study has the potential of using pyroelectric nanowires to convert wasted energy into electricity for powering nanodevices. KEYWORDS: ZnO nanowires, pyroelectric effect, nanogenerators, Schottky contact, Seebeck effect W asted heat is a rich source of energy that could be harvested. In 2010, for example, more than 50% of the energy generated from all sources in the U.S. was lost mainly in the form of wasted heat, 1 which presents us with a great opportunity to harvest this type of energy using nanotechnology. Harvesting thermoelectric energy mainly relies on the Seebeck effect that utilizes a temperature difference between the two ends of the device for driving the diffusion of charge carriers.
W asted heat is a rich source of energy that could be harvested. In 2010, for example, more than 50% of the energy generated from all sources in the U.S. was lost mainly in the form of wasted heat, 1 which presents us with a great opportunity to harvest this type of energy using nanotechnology. Harvesting thermoelectric energy mainly relies on the Seebeck effect that utilizes a temperature difference between the two ends of the device for driving the diffusion of charge carriers. 2, 3 The presence of a temperature gradient is a must for the conventional thermoelectric cell. However, in an environment that the temperature is spatially uniform without a gradient, such as in outdoor in our daily life, the Seebeck effect is hardly useful for harvesting thermal energy arising from a time-dependent temperature fluctuation. In this case, the pyroelectric effect is the choice, which is about the spontaneous polarization in certain anisotropic solids as a result of temperature fluctuation, 4 but there are few studies about using pyroelectric effect for harvesting thermal energy. 5 Recently, piezoelectric ZnO nanowires have been effectively used to harvest small-scale mechanical energy. 6−9 The core of the piezoelectric nanogenerator (NG) is to utilize the piezoelectric potential (piezopotential) in the nanowires created by mechanical straining to drive the flow of electrons in the external load. Piezopotential can be generated by either strain or by temperature due to the anisotropic physical properties of ZnO. Here, we demonstrate the first application of converting heat energy into electricity by means of pyroelectric ZnO nanowire arrays. By using the coupling of the pyroelectric and semiconducting properties in ZnO, a polarization electric field and charge separation can be created along the ZnO nanowire as a result of the time-dependent change in temperature. The fabricated nanogenerator shows a good stability, and the characteristic coefficient of heat flow conversion into electricity is about 0.05−0.08 Vm 2 /W. Our study shows the potential of using pyroelectric nanowires for applications of powering nanodevices, temperature imaging, radiation detection, X-ray generation, and space science. 10−12 Our design of the pyroelectric NG is to use the anisotropic polarization in ZnO nanowires created as a result of timedependent temperature fluctuation to drive electron to flow. ZnO nanowire arrays were grown on ITO substrate via a solution-based growth technique.
13 Figure 1a ,b shows that the diameter and length of the nanowires were about 200 nm and 2 μm, respectively. The experimental setup is schematically shown in Figure 1c . An Ag film electrode in contact with the top of the ZnO nanowires created a Schottky contact, and the ITO electrode at the bottom served as a common electrode for directly connecting the ZnO nanowires with an external circuit. The I−V curve in Figure 1d shows that the fabricated device exhibited a Schottky behavior at the interface between Ag and ZnO. To ensure that the electrical signal was coming from the NG, both the forward and reversal connections to the measurement system were introduced for characterizing the output voltage and current. 9 The open-circuit voltage and short-circuit current of the pyroelectric NG have been measured by varying the temperature in the vicinity of the NG from 295 to 289 K and from 295 to 304 K (note the standard room temperature (RT) was 295 K), as shown in Figure 2 . Under forward connection, a sharp negative voltage/current pulse (∼5.8 mV/108.5 pA) was observed when the temperature was quickly decreased from 295 to 289 K (Figure 2a) , and a corresponding positive pulse was received when the temperature was lowed to RT 295 K (Figure 2b ). After reversely connecting the NG to the measurement system, the obtained signals were switched in sign (Figure 2c ), suggesting that the measured signals were generated by the fabricated device. When the temperature was rapidly increased from RT 295 to 304 K (Figure 2d ), a positive voltage/current pulse (∼5.8 mV/120.4 pA) was received ( Figure 2e ). Again, a reversal connection to the measurement system produced reversed output signal (Figure 2f ).
To confirm that the obtained signals in Figure 2 were generated by the pyroelectric effect, control experiments were carried out using devices fabricated using different materials. No appreciable jump in voltage/current pulse was observed for an Ag-ITO film or an Ag-TiO 2 nanowire array-ITO structure under the temperature fluctuations (Supporting Information Figures S1 and S2). A linear superposition test (Supporting Information Figure S3 ) shows that the output current can be enhanced or weakened when the two NGs are connected in parallel with same polarities or opposite polarities, respectively. These results confirm that the observed voltage/current output is indeed generated by the pyroelectric effect of the ZnO nanowires. Figure 3 shows the voltage/current output signals of the pyroelectric NG under different magnitude of temperature fluctuations. It can be clearly seen that the voltage/current output peaks were increased with increasing the temperature differences in the device. When the temperature decreased from RT 295 K to a lower value, a negative voltage/current peak was produced and then returned to zero when there was no temperature change ( Figure 3b ). The opposite effect was observed when the temperature was recovered back to RT 295 K. However, when the temperature increased from RT 295 K to a higher value, after a positive voltage/current peak, the current did not return to zero but reached a constant plateau (Figures 2e,f and 3d) . The current plateau always existed when the temperature source was maintained (Supporting Information Figure S4 ). The presence of the plateau is likely due to Seebeck effect in measurement system since a slight temperature drop exists across the NG. It is easy to separate the contribution from Seebeck effect that produces a dc output, while the pyroelectric effect produces an ac output. Details will be presented in the Supporting Information. Figure 4a shows the measured voltage/current peaks as a function of temperature change, demonstrating a nearly linear relationship. The pyroelectric current and voltage coefficients can be described as P C = [I/(A(dT/dt))] and P V = [V/(ΔT r d )], respectively, where I is the pyroelectric current, V is the pyroelectric voltage, A is the electrode area, dT/dt is the rate of change in temperature, ΔT is the change of temperature, and r d is the Debye length of ZnO (about 30 nm). 14, 15 Using our experimental data, we estimated pyroelectric current and voltage coefficients of ∼1.2−1.5 nC/cm 2 K and ∼2.5−4.0 × 10 4 V/mK, respectively ( Figure 4b) ; the former is larger than those reported for ZnO bulk (0.94 nC/cm 2 K) and film (1.0 nC/cm 2 K) materials. 10, 16 As compared with bulk/film-structured ZnO, the enhancement of the pyroelectric coefficients in ZnO nanowire arrays is likely due to the single crystalline structures with the same preferred orientations along the c-axis and possibly less dislocation density.
The parameter P f = dF/dQ ≈ V(t 0 )/[Q(t 0 )r d ] was used to characterize the ability of the NG to convert the thermal flow into electricity, where F is the electric field created by the pyroelectricity and Q is a thermal flow per unit volume. 15 Here the value of Q(t 0 ) is given by
where h is the heat transfer coefficient, and V 0 and S are the sample volume and surface area, respectively. The obtained characteristic coefficient P f of heat flow conversion into electricity is ∼0.05−0.08 Vm 2 /W (Figure 4c ), which is 10 times larger than that of the reported for GaN film (∼2.3 × 10 −3 Vm 2 /W). 15 The stability of the NG was examined by a continuous and constant change of temperature for 200 cycles within 6 h (Figure 4d ). The output voltage signal was very stable with no declining trend.
Usually, the pyroelectric coefficient is defined as the differential change of spontaneous polarization due to a change in temperature. When the dimensions and volume of the material are fixed, the primary pyroelectric coefficient can be used to describe the charges produced under a change in temperature. If the material's dimensions/volume can change due to a change in temperature, strain will be induced due to the anisotropic deformation of the material, resulting in an additional contribution of piezoelectrically induced charges. It is commonly described as a secondary pyroelectric effect, which is likely more important for wurtzite crystals (such as ZnO, CdS). 16, 17 By using COMSOL software, we calculated the electrical potential distribution in a single ZnO nanowire due to the change in temperature, as shown in Figure 5 . For simplicity of the calculation, the doping in ZnO is ignored, so that it is treated as an insulator. In the calculation, the diameter and length of the ZnO nanowire are 200 nm and 2 μm, respectively. The results show that an electrical potential distribution from 2.1 to −1.7 V (Figure 5a ) was created along [0001] direction when the temperature was decreased from RT 295 to 289 K. An electrical potential distribution from −3.1 to 2.6 V ( Figure  5d ) was obtained by raising the temperature from RT 295 to 304 K. Although the calculated electrical potential is up to 3 V, the actual electrical potential in semiconducting ZnO nanowires is much lower due to the screening effect of the free charge carriers. 18, 19 Thus we observed the much lower output voltage peaks in Figures 2 and 3 . Figure 1d clearly demonstrates that the Schottky barriers appear at the contacts, where Ag and ITO are the positive and negative electrodes, respectively. The device structure of Ag/ ZnO/ITO can be considered as a ZnO layer sandwiched between two back-to-back Schottky barriers at the contacts. Under a positive bias, the electrons will flow along ITO/ZnO/ Ag, where the reversed Schottky barrier between ITO and ZnO is dominant. As compared with the current values under the negative biases in Figure 1d , the much larger current values under the positive biases indicate that the Schottky barrier height between ITO and ZnO is much lower than that between Ag and ZnO, as shown in Figure 5. Figures 5c,f show the proposed mechanisms for the generation of current in terms of the band structure of the system under temperature changes from RT 295 to 289 K (Figure 5c ) and RT 295 to 304 K (Figure 5f ), respectively. The regions marked with "1−8" in When the ZnO nanowire is subjected to a drop in temperature from RT 295 to 289 K, a negative pyroelectric field (Figure 5a ) is created in the ZnO nanowire along the [0001] direction. The negative and positive pyroelectric potentials (V − and V + ) sides are in contact with the top Ag electrode and the bottom ITO electrode, respectively. The negative electrical potential (V − ) can lift up the local conduction band of ZnO and Fermi level of the Ag electrode by ΔE = e(V + − V − ), which can drive electrons to flow from Ag electrode to ITO electrode through an external load resistor. This is consistent with the observed negative current ("2" in Figure 5b ). When a new equilibrium value was then created, there will be no observed current output ("3" in Figure 5c ). When the temperature returned to RT 295 K, the pyroelectric potential disappears. The accumulated free charges at the ITO electrode will flow back to the Ag electrode ("4" in Figure 5c ). When the temperature was increased from RT 295 to 304 K, the electrical potential will become negative at the ITO electrode and positive at the Ag electrode (Figure 5d ), respectively. The conduction band and Fermi level of the ITO electrode are raised by ΔE due to the negative electrical potential (V − ), driving the electrons to flow from the ITO electrode to the Ag electrode ("6" in Figure 5f ). There should be no observed current output after a new equilibrium value appears. It is noticed that the current plateau ("7" in Figure 5f ) is likely due to Seebeck effect not pyroelectric effect (see the Supporting Information). After the temperature returned to RT 295 K, the accumulated electrons at the Ag electrode are released due to the disappearance of electrical potential and thus flow back to the ITO electrode ("8" in Figure 5f ).
In summary, we have experimentally demonstrated the first pyroelectric nanogenerator based on ZnO nanowire arrays for harvesting thermoelectric energy. The pyroelectric current and voltage coefficients for the ZnO nanowires with the average diameters of 200 nm are ∼1.2−1.5 nC/cm 2 K and ∼2.5−4.0 × 10 4 V/mK, respectively. The energy conversion characteristic coefficient of the NG is ∼0.05−0.08 Vm 2 /W. This new type of NG can be the basis for self-powered nanotechnology that harvests thermal energy from the time-dependent temperature fluctuation in our environment for applications such as wireless sensors, temperature imaging, medical diagnostics, and personal microelectronics.
Methods Summary. Growth of ZnO Nanowire Arrays. A 50 nm thick ZnO seed layer was deposited on a 500 nm thick ITO layer on a thin glass substrate. ZnO nanowires were grown on the ZnO seed layer using a hydrothermal method. An aqueous solution of hexamethylenetetramine and Zn-(NO 3 ) 2 ·6H 2 O in equal concentrations (50 mM) was used in the growth of ZnO nanowire arrays. Because of surface tension, the substrate floated on the solution surface with one face (ITO) down. Growth of ZnO nanowire arrays was carried out in a mechanical convection oven at 85°C for 10 h.
Fabrication and Measurement of the Nanogenerator. A silver film was deposited on the top of ZnO nanowire array and served as the top electrode of the nanogenerator. The area of the nanogenerator was ∼15 mm 2 . The thermoelectric-based heater and cooler were used to change the temperature of the device. A temperature sensor was used to record the temperature of ZnO nanowire array during all experiments. The output performance of the nanogenerator was measured using a low-noise voltage/current preamplifier without introducing any external power source to circuit.
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Additional figures about the control experiments, the linear superposition of two pyroelectric nanogenerators in parallel, output current of pyroelectric nanogenerator under a change in temperature for a long time (about 1 h), and the mechanism of the observed dc current plateau under a change in temperature in Figure 3d . This material is available free of charge via the Internet at http://pubs.acs.org.
